Results from the first glaciological investigation of the Dunde ice cap demonstrate that a long, highly temporall y resol vable climatic ice-core record is preserved in this ice cap .
INTRODUCTION
The inter-annual fluctuations in the summer monsoon rains over south-eastern Asia have a profound socioeconomic impact.
Weak monsoons are associated with drought, crop failure , and (in extreme cases) famine . Strong monsoons are associated with devastating floods and the accompan ying loss of life, property, and crops. The importance of the Tibetan plateau as a heat source for the atmosphere is well documented (Flohn 1957 , 1965 and 1968 , Koteswaram 1958 , Murakami 1958 and 1981 , Virgi unpublished , Yeh 1981 , Luo and Yanai 1983 , Reiter 1983 , Lau and Li 1984 . The climatic regime of eastern Asia is d irectl y affected by the thermal and dynamical forcing by this extensive, ele vated land mass. The sensible heat flux over the semi-arid western region of the plateau and latent heat release above the Himalaya contribute to a strong tropospheric heat source which maintains the large-scale Asian monsoon circulation. Not only do the Tibetan highlands determine the large-scale circulation , they also strongly influence synopticscale monsoon events in China (Lau and Li 1984) .
Glaciers are widely scattered throughout the mountains and plateaus of western China and cover a total area of about 57000 km 2 (Shi and Wang 1981). These glaciers have been studied by the scientists of the Lanzhou Institute of Glaciology and Geocryology. Inventories such as the "Glacier Inventory of China. I.
Qilian Mountains" (Wang 1981) demonstrate that only a select few of these glaciers are ice caps at elevations high enough for the cold temperatures to preserve the stratigraphic record . Japanese glaciological expeditions to Nepal conducted extensive surveys on temperate glaciers there in 1973, 1974, 1975, 1976, and 1978 , and the results have been published in a special-issue series, "Glaciers and Climates of Nepal Himalayas" (Higuchi 1976 (Higuchi , 1977 (Higuchi , 1978 (Higuchi , and 1980 . Studies by Mayewski and others (1984) on ice cores up to 16.6 m long from the high-altitude temperate Sentik Glacier reveal that down-hole 178 samples may have experienced some degree of pos t-depos itional alteration, perhaps due to diffusion and / or melting. The most extensive study to date was co nducted by Higuchi and others (1984) , and in 1982 included ice-core recovery to a depth of 60 m from the 5400 m accumulation zone of the Yala Glacier in Langtang, Nepal. Temperature measurements at 10 m indicated that the glacie r is temperate. Due to melt-water infiltration during summer, no seasonal oscillation in the vertical S 18 0 profile was f ound. Finally, Niewodniczanski and others (1981) discussed , on a global scale which includes two parts of the Hindu Kush and the Himalaya, the isotopic composition of surface snows as a function of altitude in high mountains.
The Dunde ice cap (38°06' N , 96°24.5 ' E) in the Qilian Shan mountains ( Fig. I ) provides an opportunity to recove r the first lengthy ice-core record of climatic variability ove r the Tibetan plateau. The ice cap stretches II km f rom north-north-east to south -south-west, the width varies from 2.5 to 7.5 km and the total area of the ice cap is 57 km 2 . The central objective of the preliminary study (1984) was to evaluate the length and quality of the climatic record preserved in the Dunde ice cap. The first detailed investigation of the ice cap was co nducted during the summer of 1986, with drilling to bedrock planned f or the summer of 198 7.
'-. . 
RESULTS
A mono-pulse radar was used to determine the ice thickness at 12 sites along two traverses, one trending approximately north-south and the second trending east-west ( Fig.2a ). Ice thickness ranges from 94 to 167 m, with an average thickness of 140 m, and the bedrock topography is very smooth under much of the ice cap ( Fig.2b) . A series of five shallow cores was drilled at lower elevations on the ice cap in order to locate the equilibrium and fim lines. The equilibrium line and fim line occur at elevations of 4900 m and 5040 m respectively ( Fig.2a ). The firn line is inferred from the firn-to-ice transition and the equilibrium line is inferred from the initial occurrence of superimposed ice in the cores.
In order to evaluate the Quality of the stratigraphic record preserved in the ice cap, samples were collected at two sites 2 km apart. At site I (5250 m a.s.I.), located 4 km west of high camp on a flat part of the glacier, two 2 m snow pits, 20 m apart, were excavated to evaluate the horizontal continuity of the stratigraphy. Elevations given for pit sites in Figures 3, 4 and 5 are those determined using a model AIR-HB-IA hand-held altimeter. The accuracy of the altimeter was verified with respect to a known benchmark in Golmud, 235 km south-west of the ice cap, before and after the 1986 field season.
The visible stratigraphic record is revealed in thin but distinct dust layers in both pits. The walls of each pit were sampled for microparticle concentrations, liquid conductivity, and oxygen-isotope abundances. These results are ill ustrated in Figure 3 , along with the densities and temperatures. Although the 1984, 2 m ice temperatures averaged -7.3 ·C, there was evidence of seasonal snow melt resulting directly from the large seasonal temperature range and intense summer rad iation. The vertical separation between the visible dust layers, along with measured densities, suggest that annual net accumulation has averaged approximately 200 mm of water equivalent from 1980 to 1984. At site 2 (5400 m a.s.I.), located at the ice-cap summit and 2 km west of site I (Fig.2a) , one 2 m pit was excavated and the walls were sampled in the same way as those at site I. The stratigraphy was essentially identical with that found in both pits at site 1.
The microparticle concentrations, liquid conductivity, and oxygen-isotope results from the pit are illustrated in Figure 4 Fig.3 . The stratigraphy, concentration of microparticles (diameters ~0.63 and ~16 . 0 jLm per ml sample), liquid conductivity, temperature, density, and oxygen-isotope measurements from pit I ( Fig.2a ) and pit 2 (Fig .2b) the stratigraphy, temperature, and density profiles. The separation between the visible dust layers, coupled with the densities, gives an annual accumulation average of ""170 mm of water from 1980 to 1984. All three snow pits contained five distinct dust layers, but the ice layers were not as well developed in the summit pit, due to less extensive summer melting. All three pits contained a large conductivity peak in 1981. The oxygen-isotope records are similar in all three pits, with mean values of -10.0%0 and a maximum seasonal range of 15%0. Figure  5 illustrates the visible stratigraphy, microparticle concentrations, and liquid conductivities for the 1986 summit snow pit. The micro particle and conductivity profiles reveal that a distinct annual dust pattern exists in the Dunde ice cap stratigraphy, and a great deal of year-to-year variability in dust deposition. The 1981 conductivity and microparticle peaks are dominant in both the 1986 and 1984 snow pits and provide a marker horizon across the ice cap. Field observations in 1986 indicate that the dust layers form during the ablation season in the fall, after the summer wet season (May-September). The mean annual snow accumulation data for the summit, based upon 1984 and 1986 snow-pit microparticle and conductivity measurements, are presented in Table 1 . The net balance in water equivalent for the summit from 1980 to 1986 was calculated using the measured density profiles for each pit. The Dunde ice cap is physically qu ite similar to the Quelccaya ice cap in southern Peru (Thompson and others 1979 (Thompson and others , 1984 (Thompson and others [a] and [b], 1986 , from which a 1500 year ice-core record of tropical climate has been recovered (Thompson and others 1985) . Much of this similarity between the Dunde and Quelccaya ice caps results from the very distinct annual precipitation cycle which dominates the climatic regime at both sites and which produces the annual dust layers visible in the stratigraphy of both ice caps. A 28 year precipitation record from the city of Golmud, located 235 km south-west of the Dunde ice cap, demonstrates that 85% or more of the precipitation falls in the summer months (May-September).
The Dunde and Quelccaya ice caps are of similar size, 60 km 2 and 55 km 2 respectively, and are of similar thickness, 167 m and 175 m respectively.
On the other hand, in some respects these ice caps are quite different. The 30 m ice temperatures are much lower (-5.4 0c) in the Dunde ice cap than in the Quelccaya ice cap (-o°C). The annual temperature pattern, as recorded at Golmud, shows a mean monthly temperature range of 30 ° C, whereas that on the Quelccaya ice cap is 2 ° -3 ° C. Initially, it was anticipated that this temperature pattern, characteristic of the Tibetan highlands, would produce the most negative S 18 0 values within winter snowfall, as found in the polar regions. However, the surface samples ( Figs.3a  and b, Fig.4) show that the lowest (most negative) S 18 0 values occur in summer snowfall, which is identical with the relationship on the Quelccaya ice cap. One of the objectives of the continuing studies on the Dunde ice cap is to understand better the mechanisms controlling the annual oxygen-isotope signal.
The annual dust layers, visible both in the pit stratigraphy and on the exposed margin of the Dunde ice cap, in conjunction with the analyses of pit and core samples, suggest strongly that an ice core drilled to bedrock (as planned for 1987) should provide a climatic record covering at least 3000 years. However, because of the lower accumulation on the Dunde ice cap (0.2 m of water equivalent versus l.15 m on the Quelccaya ice cap) and the evidence of seasonal melting, the temporal resolution is not expected to be as high as on the Quelccaya ice cap. Nevertheless, the cores from the Dunde ice cap should provide an excellent opportunity to obtain a detailed history of the Little Ice Age as recorded in the Tibetan highlands. In addition, the long and well-documented historical records from central and eastern China will allow the upper 2000 years of the record to be calibrated and will provide independent dating checks on the ice-core chronology.
